The computation of radiative energy loss in a finite size QCD medium with dynamical constituents is a key ingredient for obtaining reliable predictions for jet quenching in ultra-relativistic heavy ion collisions. We here present a theoretical formalism for the calculation of the first order in opacity radiative energy loss of a quark jet traveling through a finite size dynamical QCD medium. We show that, while each individual contribution to the energy loss is infrared divergent, the divergence is naturally regulated once all diagrams are taken into account. Finite size effects are shown to induce a non-linear path length dependence of the energy loss, recovering both the incoherent GunionBertsch limit, as well as destructive Landau-Pomeanchuk-Migdal limit. Finally, our results suggest a remarkably simple general mapping between energy loss expressions for static and dynamical QCD media.
I. INTRODUCTION
Suppression pattern of high transverse momentum hadrons is a powerful tool to map out the density of a QCD plasma created in ultra-relativistic heavy ion collisions [1] [2] [3] . Since suppression (called jet quenching) results from the energy loss of high energy partons moving through the plasma [4] [5] [6] [7] , reliable theoretical predictions for suppression require reliable energy loss calculations.
The medium-induced radiative energy loss is, in most studies, computed by assuming that the QCD medium consists of randomly distributed static scattering centers ("static QCD medium"). However, in reality, constituents of the medium are dynamical, and we recently showed that inclusion of dynamical QCD medium effects are important in the radiative energy loss calculations [8, 9] . Furthermore, calculation of the energy loss has to be performed in a finite size QCD medium, since the size of the QCD medium created in both RHIC and LHC is finite. While methods for energy loss calculation have been developed for infinite optically thick dynamical QCD medium, no such approach exists for finite optically thin medium. However, it is of crucial importance to develop the energy loss formalism for the case of finite size optically thin medium, in order to make reliable predictions applicable for the range of parameters relevant for RHIC and LHC experiments. This paper develops theoretical formalism for the calculation of the radiative energy loss in a finite size dynamical QCD medium, while main numerical results of the model are presented elsewhere [9] . Our work is based a novel approach, where two hard thermal loops are implemented within a finite size QCD model initially introduced by Zakharov [10] . The computations are presented in the appendices, and include analytical calculations of 24 Feynman diagrams, each of which is individually infrared divergent. However, this divergence is naturally regulated when all the diagrams are taken into account. Furthermore, we obtain an explicit analytical expression for the energy loss in dynamical medium, which can be directly compared with the equivalent expression obtained in static QCD medium. Finally, we discuss the obtained analytical result in the context of several qualitative features: i) Recovery of the static approximation for asymptotically high values of energy, ii) Transition of the thickness dependence from Gunion-Bertsch (GB) [11] to Landau-Pomeanchuk-Migdal (LPM) [12] limit, and iii) Possible extension of the results to higher orders in opacity.
II. RADIATIVE ENERGY LOSS IN A DYNAMICAL QCD MEDIUM
In this Section we outline the computation of the medium induced radiative energy loss for a heavy quark to first order in opacity. We consider finite QCD medium of size L and assume that the heavy quark is produced inside the medium at time x 0 = 0, at the left edge of the medium, traveling right.
Medium induced radiative energy loss is caused by the radiation of one or more gluons induced by collisional interactions between the quark of interest and partons in the medium. The energy loss rate can be expanded in the number of scattering events suffered by the heavy quark, which is equivalent to an expansion in powers of the opacity. For a finite medium, the opacity is given by the product of the density of the medium with the transport cross section, integrated along the path of the heavy quark. The lowest (first) order contribution corresponds to one collisional interaction with the medium, accompanied by emission of a single gluon.
We compute the medium induced radiative energy loss for a quark jet to the first (lowest) order in number of scattering centers. The finite size medium is introduced similarly as in [14] , i.e. by starting from the approach described in [10] . That is, we assume that the medium has a size L, and that the collisional interaction has to occur inside the medium. 
FIG. 1:
Feynman diagrams M1,0,2,C , M1,0,2,L and M1,0,2,R contribute to the radiative energy loss to the first order in the opacity. On each panel, left (right) gray ellipse represent the source J, which at time x0 (x5) produces an on-shell jet with momentum p2 (p5). The large dashed circles ("blob") represent effective HTL gluon propagators [15] . A cut gluon propagator with momentum k and color c corresponds to the radiated gluon. A cut gluon propagator with momentum q and color a corresponds to a collisional interaction with a parton in the medium. Specific time points are represented by xi. The diagrams are calculated in light cone coordinate system, and x + 2 − x + 0 < 2L on the first and the third panel, as well as x + 3 − x + 5 < 2L on the first and the second panel, represent the condition that the distance between collisional interaction and jet production has to be smaller than the size L of the medium. Left, middle and right panels present three possible cuts (central, left and right, respectively) of the same 2-HTL Feynman diagram, all of which contribute to the 1 st order in opacity radiative energy loss.
As in [8] , we describe the medium by a thermalized quark-gluon plasma at temperature T and zero baryon density, with n f effective massless quark flavors in equilibrium with the gluons. The formalism for computing the energy loss in finite size dynamical QCD medium is presented in Appendices C-N, and the diagrams are evaluated in finite temperature field theory [16, 17] , using HTL resumed propagators [17] for all gluons. To outline the calculations, in Fig. 1 we show three typical diagrams that have to be computed. The Feynman diagram in left panel of Fig. 1 represents the source J, which at time x 0 produces an on-shell jet with momentum p 2 , and subsequently radiates a gluon with momentum k = (ω, k z , k) and exchanges a virtual gluon of momentum q = (q 0 , q z , q) with a parton in the medium. The quark jet emerges with (measured) momentum p = (E, p z , p). We assume, as in [18] , that J changes slowly with jet momentum, i.e. that J(p + k + q) ≈ J(p + k) ≈ J(p). To incorporate the effect of finite size QCD medium, we assume that the distance between the jet production and collisional interaction has to be smaller than the size of the medium.
Since the produced jet can be off-shell, the Feynman diagrams shown in the center and right panels of Fig. 1 also contribute to the 1 st order in opacity radiative energy loss. They are complex conjugates to each other and they present the terms which will interfere with the diagram shown in the left panel of Fig. 1 , and consequently lead to the appearance of LPM effect (in the case of high energy jets), after all relevant contributions are taken into account. In addition to the three diagrams shown in Fig. 1 , there are 21 more diagrams that contribute to the 1 st order in opacity radiative energy loss, and their calculation is presented in the Appendices C-N. Note that the calculation presented in this paper differs from Ref. [13] by the use of HTL gluon propagators to describe the interaction of the quark with the medium. The difference from Ref. [8] is that in this work we allow the jet to be on-or off-shell and the vertices that correspond to gluon exchange are restricted to be located inside the medium.
Since the exchanged gluon momentum is space-like [14, 19, 20] ), only the Landau damping contribution (q 0 ≤ | q|) to the cut HTL effective gluon propagator D(q) needs to be taken into account [14, 19, 21] . The radiated gluon has timelike momentum k = (ω, k), so only the quasi-particle contribution at ω > | k| from the cut gluon propagator D(k) contributes [15] [16] [17] . Since our focus is on heavy quarks with mass M ≫ gT , we neglect the thermal shift of the heavy quark mass.
The effective gluon propagator has both transverse and longitudinal contributions [22] [23] [24] [25] [26] [27] [28] . The 1-HTL gluon propagator has the form
where l = (l 0 , l) is the 4-momentum of the gluon and P µν (l) and Q µν (l) are the transverse and longitudinal projectors, respectively. The transverse and longitudinal HTL gluon self energies Π T and Π L are given by
where y ≡ l 0 /| l| and µ = gT N c /3 + N f /6 is the Debye screening mass.
While the results obtained in this paper are gauge invariant [20] , the calculation is for simplicity presented in Coulomb gauge. In this gauge the only nonzero terms in the transverse and longitudinal projectors are
As in [13, 18, [29] [30] [31] [32] [33] [34] , we use the same kinematic approximations, i.e. we assume validity of the soft gluon (ω ≪ E) and soft rescattering (ω ≫ |k| ∼ |q| ∼ q 0 , q z ) approximations (see Appendix A for details). In Appendices C-N we compute all the diagrams that contribute to the first order in opacity radiative energy loss. Once the diagrams are calculated, the interaction rate is given by:
here M 1,0 , M 1,1 and M 1,2 present the sum of all contributions in which zero, one or two (respectively) ends of the exchanged gluon q are attached to the radiated gluon k. Furthermore, N J is an integrated invariant distribution of jets, created by the effective jet source current, and given by [18] (note that D R = 3 accounts for the jet colors)
Equations (C16), (D13), (D29), (E7), (F12) and (G7) give final results for the Feynman diagrams contributing to M 1,0 . After adding these expressions M 1,0 becomes 
, and D R = 3) and defined a "dynamical mean free path" (see [8] 
where
is coupling constant, and we assumed constant coupling g. Equations (H11), (I8), (J10) and (K10) give final results for the Feynman diagrams contributing to M 1,1 . After adding these expressions M 1,1 becomes 
By using Eqs. (2.5)-(2.9) the interaction rate (Eq. (2.4)) reduces to
The heavy quark radiative energy loss per unit length is obtained from the above expression for the interaction rate by weighting it with the lost energy ω + q 0 . In the soft rescattering approximation ω + q 0 ≈ ω, leading to:
This finally leads to
It is important to note that, similarly to [8] , each individual diagram that contributes to the energy loss in a finite size dynamical QCD medium diverges logarithmically in the limit of zero transverse momentum of the exchanged gluon, q → 0. The reason for this divergence is that in a dynamical QCD medium both transverse and longitudinal gluon exchange contribute to the radiative energy loss [35] . While Debye screening makes the longitudinal gluon exchange infrared finite, transverse gluon exchange causes a well-known logarithmic singularity [17] due to the absence of a magnetic screening [36] . Remarkably, we see from Eq. (2.12) that, when the contributions from all diagrams are taken into account, the infrared divergences cancel, naturally regulating the energy loss rate.
The analytical expression for the energy loss in dynamical medium that we obtained, can now be directly compared with the equivalent expression for static QCD medium. We below make this comparison in order to study the importance of the dynamical QCD medium effects. To do that, we here rewrite the expression for the DGLV first order in opacity radiative energy loss in static QCD medium, which is obtained in [13] :
with [8, 37] 14) where c(n f ) ≡ 6
1+n f /6 is a slowly increasing function of n f that varies between c(0) ≈ 0.73 and c(∞) ≈ 1.09. For a typical value n f = 2.5 (which we use in this paper), c(2.5) ≈ 0.84.
We see that, similarly to the case of infinite QCD medium [8] , Eqs. (2.12) and (2.13) are remarkably similar, up to two important differences: The first is an O(15%) decrease in the effective mean free path
which increases the energy loss rate in the dynamical medium by O(20%). The second difference is a change in the effective crossection, which in the energy loss rate is reflected by the replacement
As discussed in [9] , these differences lead to a significant increase of the heavy quark energy loss rate in dynamical compared to static QCD medium. By using the above results, we can now discuss the following two issues: 1) Comparison between dynamical and static energy loss results, 2) Comparison between energy loss results in Bethe-Heitler limit and finite size QCD medium. Regarding the first comparison, one should note a remarkably simple mapping between dynamical and static QCD medium. That is, the expression for energy loss in dynamical QCD medium can be obtained from the expression for the energy loss in static QCD medium by simply replacing the effective mean free path and the effective crossection by the appropriate expressions given above. The simplicity of this substitution rule is surprising, given the complexity of the calculations and their different structure for static [13] and dynamical media. In particular, one should note the infrared divergences in the dynamical case which cancel only after summing all the diagrams from Appendices C-N, but don't arise at all in the static case. Regarding the second comparison, the expressions for both dynamical and static energy loss in finite size QCD medium are significantly different from the corresponding expressions in Bethe-Heitler limit [8] . However, despite this difference, the same simple substitution rule is found to apply, suggesting a possibly general mapping between static and dynamic QCD media.
We also note that the study presented here considers a finite, optically thin dynamical QCD medium (QGP), extending the DGLV approach [13, 18] to include parton recoil. In this sense it is complementary to the work by Arnold, Moore and Yaffe [34] who study energy loss in an infinite, optically thick QGP. We note that the AMY approach [34] yields the same form (2.16) for the effective cross section in a dynamical QCD medium as found here (see also [38] ), further supporting our conjecture above.
III. INCOHERENT LIMIT
First of the two relevant limits of the Eq. (2.12), which we consider in this paper is the incoherent, short formation time limit. This limit is relevant for heavy quarks at lower jet energy regions, and it can be extracted from the Eq. (2.12) when sin(
where the second step is obtained after angular integration. Furthermore, under the assumption that α s is not running, Eq. (3.1) can be further analytically integrated over 0 ≤ |k| ≤ k max where k max = 2E x(1 − x) [13] . We obtain
By comparing Eqs. (3.1)-(3.3) with the equivalent expressions from [8] (see Eqs. (2.9)-(2.12)), we see that, though similar, the corresponding expressions are not the same. The reason is that, in [8] , we considered the Bethe-Heitler limit, which considers on-shell quark jets produced at remote past, while in our study, we allow that quark jets can be both on-and off-shell.
IV. LPM LIMIT
The second relevant limit that we consider is the Non-Abelian analog of the Landau-Pomeanchuk-Migdal limit. This limit is relevant for highly energetic jets, where destructive interference effects reduce the energy loss relative to the incoherent limit. The limit is obtained from the Eq. (2.12) when E + ≈ 2E → ∞. In such a limit finite mass effects are negligible. Additionally, k max = 2E x(1 − x) → ∞ as well, which enables us to introduce a substitution k ′ ≡ k + q in Eq. (2.12). With these simplifications, Eq. (2.12) becomes
where in the second step we performed angular integration. To proceed further, we observe that the derivative over distance L of the above expression (i.e.
where in the second step we performed integral over k ′2 and γ ≈ 0.577216 is Euler's constant and Ci(y) gives the cosine integral function.
Finally after performing the integration over x, we obtain
Therefore, for the asymptotically large jet energies, the Eq. (4.3) reduces to 
From the above expressions, we see that at asymptotically large jet energies we obtain quadratic thickness dependence for the energy loss, that is we recover LPM limit. Therefore, for highly energetic jet, finite size corrections implemented in the calculation presented in this paper simulate the destructive effects of LPM interference in an infinite QCD medium [5] . This behavior is expected [18] since the nuclear medium has finite dimensions that may be small compared to the jet radiation coherence length, especially in the case of light partons or high jet energies. Due to this, in finite size media the basic formation time physics developed by LPM [12] leads to destructive interference effects on the quark quenching.
Furthermore, by applying the same procedure, it is straightforward to obtain that, for asymptotically large jet energies, the radiative energy loss in static QCD medium becomes
so that ratio between energy losses in dynamical and static QCD medium approaches
herefore, we conclude that, at asymptotically large jet energies, approximation of the medium by a random distribution of static scatterers becomes valid, up to a multiplicative constant λstat λ dyn which can be renormalized. This is consistent with what would be expected from established BDMPS results [5] .
V. CONCLUSION
In this paper, we developed a theoretical formalism for the calculation of the first order in opacity radiative energy loss of a fast quark traveling through a finite dynamical QCD medium. We obtain a closed analytical expression for the energy loss in dynamical medium. The obtained result is convergent, despite the fact that each individual contribution to the energy loss is infrared divergent. Furthermore, the energy loss has a nontrivial dependence on the size of the medium, which depends on both mass and energy of the quark jet. The finite size effects are found to be most important in the ultra-relativistic limit and they effectively reproduce the effects of destructive LPM interference. Another interesting limit is an incoherent (GB) limit, which is reproduced for heavy quarks with moderately small jet energies.
The study presented here considered the radiative energy loss in finite size dynamical QCD medium up to the first order in opacity. On the other hand, in static QCD medium, radiative energy loss up to all orders in opacity is obtained [13, 18] . Simplicity of the mapping between the 1 st order in opacity static and dynamical energy loss, implies that the same mapping might be generalized to higher order in opacity as well. That is, we make a conjecture that, to obtain the energy loss expressions in dynamical QCD medium from the existing static QCD medium expressions, one (only) needs to replace effective mean free path and effective crossection from static QCD medium, with the corresponding expressions from dynamical QCD medium. However, to prove this conjecture is very non-trivial, which will be a subject of further research.
The measurement of the heavy flavor suppression is in the current focus of intensive experimental efforts, and these measurements are expected to became available soon at the upcoming high-luminosity RHIC and LHC experiments. As already mentioned, particle suppression is a consequence of the energy loss. Our study, which incorporates dynamical effects in realistic finite size QCD medium, enables us to provide the most reliable computations of the energy loss in QGP. Our future goal is to use these energy loss calculations to make accurate theoretical predictions for the heavy flavor suppression. These predictions can then be directly compared with the upcoming experimental data, in order to test our understanding of QGP, and to further study the properties of this novel form of matter.
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APPENDIX A: NOTATION AND ASSUMPTIONS
In the following appendices, the calculation will mostly (with the exception of G −+ propagators), be done using the light cone coordinate system [40] . This coordinate system is appropriate for systems moving with almost the speed of light. It is obtained by choosing new spacetime coordinates [x + , x − , x], related to the coordinates in the laboratory frame (t, z, x) by (x is the transverse coordinate)
In the same way the light cone momentum [p + , p − , p] is related to the momentum in the laboratory frame [E, p z , p] by (p is the transverse momentum)
In this paper we consider a quark of a finite mass M , produced inside the finite size QGP, at some initial point x 0 . The jet is assumed to have a large spatial momentum p ′ ≫ M , and it can be both on-shell and off-shell. This is in contrast to the Bethe-Heitler limit, which we considered in [8] , where an on-shell jet was created at −∞. Further, we choose coordinates such that the momentum of the initial quark is along the z axis:
We are interested in the radiative energy loss to first order in the opacity, so we study the case in which the quark exchanges (in arbitrary sequence) one virtual gluon with space-like momentum
with a parton in the medium and radiates one (medium-modified) real gluon with time-like momentum
into the medium. The on-shell quark jet emerges with 4-momentum p µ .
Similarly to all energy loss formalisms developed so far (see e.g. [5, 13, 18, [29] [30] [31] [32] [33] [34] ), the calculations presented in Appendices C-N are developed under the assumption of a perturbative high-temperature QGP. We note that, strictly speaking, this assumption may not be directly applicable to the case of a strongly coupled QGP or in cold nuclear matter. The validity of this assumption for the QGP created in ultra-relativistic heavy-ion collisions can be tested by comparison with upcoming experimental data from the RHIC and LHC heavy-ion programs.
For the computation of the Feynman diagrams given in Appendices B-D we will need
propagators for the quark jet p, the radiated gluon k, and the exchanged gluon q. These functions are derived in Appendix B.
As in [13, 18, [29] [30] [31] [32] [33] , we assume validity of the soft gluon (ω ≪ E) and soft rescattering (|q| ∼ |k| ≪ k z ) approximations. These approximations become more reliable as the temperature increases and are expected to hold well at the LHC, while at RHIC their application should be further validated. Together with conservation of energy and momentum (p ′ = p + k + q) they yield
In [8] we showed that it is reasonable to assume that q z has the same order of magnitude as |q|. Since |k| ≪ k z and q z ∼ |q| ∼ |k|, we then also have
we can therefore also assume that
By using x, we further define χ, ξ and ζ in the following way
Finally, by using that ξ , ζ ≪ |k| ∼ |q|, and that q z ∼ |q| ∼ |k|, we obtain ξ , ζ ≪ q z leading to
APPENDIX B: DERIVATION OF THE PROPAGATORS IN LIGHT CONE COORDINATE SYSTEM
In this appendix we present in some detail the derivation of the propagators G ±± in light cone coordinate system, which are needed for the calculations presented in the following Appendices. To derive these functions we start from Kallen-Lehmann theorem [41] :
where a, b can be + or −, and ρ ab (s, l) andρ ab (s, l) are spectral functions. We can now decompose the propagator as
Note that
We first concentrate on G
where θ(l + ) and θ(−l + ) are unit step functions.
To proceed further, we use the following expressions
which can be straightforwardly derived from [41] . Here θ(l 0 ) is unit step function, f (l 0 ) = (e l0/T −1) −1 , where T is the temperature of the medium, and ρ(l) is spectral function.
Then, by using Eqs. (B6) and (B7), we obtain
Furthermore, it is straightforward to show that
In this paper we will need only G + ++ (x), G − −− (x) and G −+ (x) propagators for the quark jet p, the radiated gluon k, and the exchanged gluon q. We will first derive these functions for the exchanged gluon q. To do this, lets first note that, as noted in the previous appendix, in this paper we assume high temperature QGP and soft-gluon, soft rescattering approximation. In such a limit, for the exchanged gluon q, f (q 0 ) ≈ T q0 ≫ 1, reducing the Eqs. (B8) and (B9) to
By using Eq. (B10), it is then straightforward to obtain that corresponding propagators for the exchanged gluon are given by
where D > (q) is the effective 1-HTL cut gluon propagator for the exchanged gluon [8]
Here Π T (q) and Π L (q) (see Eq. (2.2)) are transverse and longitudinal self energies. Note that exchanged gluons are spacelike (see Eq.(A4)). Therefore, in the cut 1-HTL exchanged gluon propagator, only Landau damping contribution from the gluon spectral function contribute to the above expression (for more details, see [8] ).
We will now concentrate on the propagators for the radiated gluon and quarks jet. For radiated gluon and quark jet f (l 0 ) = (e l0/T −1) −1 ≪ 1, reducing the Eq. (B8) to
To proceed further with propagators for the radiated gluon propagator, we note that, for the radiated gluon with momentum k, the longitudinal contribution can be neglected relative to the transverse one. Also, for the transverse gluon the self energy Π T (k) can be approximated by m 2 g , where m g ≈ µ/ √ 2 is the asymptotic mass (see [15] ). These approximations are true in the soft rescattering limit ω ≫ |q| ∼ |k| ∼ gT which we use in this paper. With these approximations the HTL gluon propagator for the emitted gluon can be simplified to [15] 
where P µν is the transverse projector. Then, by using Eqs. (B13) and (B14), relevant radiative gluon propagators become (see also [40] ):
where ω ≈ k 2 + m 2 g and k
Note that we here assume that gluon mass is given by the expression m g ≈ µ/ √ 2 regardless whether the gluon is radiated inside or outside of the medium. Strictly speaking, including the finite size effects on the radiated gluon would assume that the above gluon mass is valid only for gluons radiated inside the medium, while for the gluons radiated outside the medium the gluon mass should be equal to zero (see [33] ). However, based on [33] , neglecting the finite size effects on the radiated gluon is expected to be a reasonable approximation, and we adopt it here to simplify the calculations.
Finally, we now concentrate on the relevant propagators for the quark jet. By repeating similar procedure as for the radiated gluon, we obtain
In appendices (C) -(G) we present in some detail the calculation of the diagrams where both ends of the exchanged gluon q are attached to the heavy quark, i.e. none is attached to the radiated gluon k and no 3-gluon vertex is involved. In this appendix, we start with the calculation of the diagram shown in Fig. 2 .
Here and later the diagrams are labeled as follows: In M 1,i,j,C , 1 denotes that these diagrams contribute to the energy loss to first order in opacity; i denotes how many ends of the virtual gluon q are attached to the radiated gluon k; and j labels the specific diagram in that class. Letter C denotes that we consider central cut of the diagram. In the next chapters, letter R (L) will denote that we consider right (left) cut of the Feynman diagram. 1. We will first calculate the cut diagram M 1,0,1,C :
where J is the source of a jet, ∆ correspond to the jet propagator, D to gluon propagators and v to vertices. By using expressions for the propagators from the previous section, we obtain:
Here we defined x
. By applying δ functions from Eq. (C3), and by using
we obtain (note p + k+q = 0 → p + k = −q):
Then in the soft gloun, soft rescattering limit we obtain (note x ≡ k + E + , and that ξ and ζ are defined in Eq. (A8)):
leading to
In the paper [14] , it was shown that finite size effects on collisions are negligible, i.e. for collisional parts
where in the last step we used soft gloun, soft rescattering approximation, i.e. Eq. (A9). By using Eq. (C9), Eq. (C8) reduces to
Similarly as in [8] , for highly energetic jets
By using Eq. (C11) and Eqs. (B12), (
Finally, by using Eqs. (C3), (C4), (C10), (C11) and (C12), and after performing integrations over p 1 , p 2 , p 3 and p 4 , Eq. (C2) reduces to
In high temperature limit I q reduces to (see Appendix C in [8] ):
Finally, Eq. (C13) becomes
In this appendix we present in some detail the calculation of the diagrams shown in Fig. 3 .
Feynman diagrams M1,0,2,C , M1,0,2,L and M1,0,2,R contributing to the radiative energy loss to first order in opacity, labeled in the same way as Fig. 1 . The same figure is also presented as Fig. 1 in the main text, and is repeated here for completeness.
1. We will first calculate the cut diagram M 1,0,2,C , shown in the left panel of Fig. 3 :
and where
In the paper [14] , it was shown that finite size effect are small for collisional energy loss, i.e. for collisional parts the following approximation can be used
By using Eq. (D5), Eq. (D4) reduces to
In soft gluon, soft rescattering approximation
Note that (p 1 − p) − ≪ ξ ≪ |k|, |q|, q z , leading to
By using Eq. (D8), Eq.(D6) finally reduces to
Similarly as in previous section, for highly energetic jets and in high temperature limit
By using Eqs. (D2), (D9) and (D10), and after performing integrations over p 1 , p 2 , p 3 and p 4 , Eq. (D1) becomes
where I q is given by Eq. (C15), and
In the last step we used that
| q0=qz is an odd function of q z . Finally, by using Eqs. (C15) and (D12), Eq. (D11) reduces to
2. We will now calculate the cut diagrams M 1,0,2,L and M 1,0,2,R , shown in the central and right panel of Fig. (3) , respectively. We start with M 1,0,2,R :
By applying δ functions from Eq. (D15), and by using Eq. (C5), we obtain
Note that in the second equation we used p = −k and (p + k) + ≈ E + . I 1 then becomes
By using Eqs. (D18), (D15) and (D14) M 1,0,2,R becomes (y ≡
2 )
where, as in the previous sections, we used (
In the same way, it can be obtained that M 1,0,2,L is equal to
Similarly as in previous section, for highly energetic jets
Finally, by using Eqs.(D22) and (D23), Eq. (D21) becomes
where I q is given by Eq. (C15), and J q is given by
In the above equation, we defined F (q 0 , q z , q) as
F (q 0 , q z , q) is even function of both q 0 and q z , leading to
which consequently leads to
Finally, by using Eqs. (C15) and (D28), Eq. (D24) becomes
APPENDIX E: COMPUTATION OF DIAGRAMS M1,0,3,C AND M1,0,4,C
We will now calculate cut diagrams M 1,0,3,C and M 1,0,4,C , shown in the Fig. (4) . We start with M 1,0,3,C :
Feynman diagrams M1,0,3,C and M1,0,4,C contributing to the radiative energy loss to first order in opacity, labeled in the same way as Fig. 1 .
Similarly as in previous sections, by using δ functions from Eqs. (E2) and (C5), we obtain p
I 1 then becomes
where similarly to previous sections, in the second step we used Eq. (A9) and the fact that finite size effects are negligible for collisional interactions. That is, we used
Finally, by using Eqs. (E2) and (E5), Eq. (E1) becomes
Since M 1,0,4,C = (M 1,0,4,C ) * , we obtain 
Feynman diagrams M1,0,3,R and M1,0,4,L contributing to the radiative energy loss to first order in opacity, labeled in the same way as Fig. 1 .
Here
where we defined x
. By using δ functions from Eqs. (F2) and (C5), we obtain in soft gluon soft rescattering approximation:
Finally, by using Eqs. (F2) and (F6) Eq. (F1) becomes
Note that M 1,0,4,L = (M 1,0,3,R ) * , leading to
where y ≡
2 . Lets define
is even function of q 0 and q z . Then
is an odd function of q z , leading to
We will now compute the second part of the integral in Eq.(F8):
To do this we first concentrate on
Since ξ ≪ q z , |q| we can assume q z − ξ ≈ q z . Therefore sin((q z − ξ)y) ≈ sin q z y, leading to dq z F (q 0 , q
2 ) sin(q z y) = 0. Similarly, for the second part of the integral in Eq. (F10) we also obtain 0, which finally leads to We will now calculate the cut diagrams M 1,0,5,R and M 1,0,6,L , shown in the Fig. (6) . We start with M 1,0,5,R :
. By using δ functions from Eqs. (G2) and (C5) we obtain p 
Eq. (G3) then becomes
Feynman diagrams M1,1,1,C and M1,1,2,C contributing to the radiative energy loss to first order in opacity, labeled in the same way as Fig. 1 .
Finally, by using Eqs. (G2) and (G5), Eq. (G1) becomes
it is straightforward to obtain (note that, similarly to Appendix D, cos ξL−1 ξL part will vanish under integration over q):
APPENDIX H: COMPUTATION OF DIAGRAMS M1,1,1,C AND M1,1,2,C
In appendices (H) -(K) we present in some detail the calculation of the diagrams where only one end of the exchanged gluon q is attached to the heavy quark, i.e. one end is attached to the radiated gluon k and consequently one 3-gluon vertex is involved in the process. In this appendix, we start with the calculation of the diagrams shown in Fig. 7 .
We will first calculate the cut diagram M 1,1,1,C :
By applying δ 3 functions from Eq. (H2), and by using p
we obtain
which leads to
(derived for x = k + (p+k + ) and x ≪ 1) and
(derived for x 1 = (k+q)
By using Eqs. (H5) and (H6) and assuming (as in previous sections) that finite size effects are negligible for collisional contribution, we obtain
where we used δ(
Lets now compute
. 
In the last equation we defined x
By applying δ 3 functions from Eq. (I2), and by using p
(p+k) + , leading to (in soft gluon soft rescattering approximation)
where in the second relation we used
Furthermore, similarly as in [8] , for highly energetic jets
By using Eqs. (I2), (I5), (I6) and (H9), Eq. (I1) finally reduces to
Since M 1,1,1,L is a complex conjugate of M 1,1,2,R , it is straightforward to obtain (y ≡ x + 3 /2) 
. By applying δ 3 functions from Eq. (J2), and by using p
(derived for
By using Eqs. (J4)-(J6), Eq. (J3) becomes
where, as in the previous sections, we assumed that finite size effects are negligible for collisional contribution, and in the last step we used Eq. (A9).
Analogously to calculations performed in [8] (see Appendix C in [8] ) one has
By using Eqs. (J2), (J7), (J8) and (H9), Eq. (J1) finally reduces to 
where we used that in soft gluon soft rescattering approximation (see Eqs. (C1-C4) in [8] )
In Eq. (K1) I corresponds to
By applying δ 3 functions from Eq. (K3), and by using p
we obtain in soft gluon soft rescattering approximation (see also (A9)) 2 )
Similarly to previous appendices, Eq. (K2) is equal to
Finally, by using Eqs. (K3), (K6)-(H9), Eq. (K1) reduces to
q, a FIG. 11: Feynman diagram M1,2 contributing to the radiative energy loss to first order in opacity, labeled in the same way as Fig. 1 .
where in the second step we only keep the dominant parts from triple gluon vertices (see [8] ). In Eq. (L1) I corresponds to
Here x 
After using Eq. (L4), Eq.(L3) becomes
As in the previous sections, we here assumed that finite size effects are negligible for collisional energy loss. Furthermore, in the last step we used Eq. (A9), i.e.
Finally, by using Eqs. (L2), (L5) and (L6), and after performing the same procedure as in the previous appendices, Eq. (L1) reduces to 
where in the second step we only keep the dominant parts from triple gluon vertices (see [8] ). In Eq. × e −ip1(x1−x0) e −ik2(x2−x1) e −ik1(x3−x2) e −iq(x3−x2) e −ip(x4−x1) e −ik(x4−x3) e −ip2(x5−x4) J(x 0 ) J(
and where 
In the above equation, we also used (
2 . Similarly as in [8] , for highly energetic jets
Finally, by using Eqs. (M2), (M4) and (M5), and after performing the same procedure as in the previous appendices, Eq. (M1) reduces to e −ik1(x2−x1) P µρ (k 1 ) (−g 2 )f cea f ceb (2g ρσ g λτ − g ρλ g στ − g ρτ g σλ )
(2π) 3 2ω e −ik(x3−x2) P σν (k) dp × (p + p 1 ) µ P µρ (k 1 )(2g ρσ g λτ − g ρλ g στ − g ρτ g σλ ) D τ λ> (q)P σν (k)(p + p 2 ) ν I, is shown as a function of momentum | q|, for Debye mass µ = 0.5.
Furthermore, we want to show that I t ∼ 1, as demonstrated in Fig. 14 for typical value of Debye mass µ = 0.5. That is, in Fig. 14 we see that the absolute values of the ratios are notably smaller than 1. We also checked that the same conclusion is valid independently on the value of Debye mass. Having in mind that , which leads to the conclusion that tadpoles present a negligible contribution to the 1 st order in opacity radiative energy loss.
